Burn wound injuries are a significant problem in general healthcare 1 as they are prone to complications, such as infection, hypovolemia, and hypothermia. 2 After the acute phase, a burn wound will start healing and new tissue will be formed. In this phase, wound healing is often associated with itch, 2,3 usually described as an unpleasant sensation in the skin that elicits the desire to scratch. 4 Complaints commonly start within one month postburn, with a peak at six months. 5 The prevalence of itch following burns is high: 6, 7 up to 87% of the adults report mild to severe itching at three months postburn. 6 In 44% of the patients itch sensation was still present seven years postburn. 8 Likewise, itching is also reported in many patients with skin grafts. 9 Adequate treatment for itch in burn wounds is problematic. Frequently used treatments, such as antihistamines, are only effective in 20% of the patients and cause many side effects. 8 This shows not only the need for finding additional treatment modalities for itch in burn patients but also for increased knowledge about the processing of itch in the central nervous system, which is still incomplete. It has been shown recently that transmitters, like natriuretic polypeptide B (NPPB) and gastrin releasing peptide (GRP) and their receptors, are specifically involved in itch rather than in pain transmission. 4, 10 However, most sensory neurons in the spinal cord and brainstem that respond to itch are also sensitive to nociceptive stimuli, 11, 12 suggesting that a pathway dedicated exclusively to itch may not exist. 13 Similarly, in the periphery sensory nerve fibers are sensitive to itch as well as to nociceptive stimuli. 14 Moreover, during pathological situations the density of different types of nerve fibers in the skin changes significantly, although an increase in nerve fiber density is not invariably associated with an increase in itch behavior. 15 Furthermore, after axotomy the regrowth of specific nerve fibers leads to different reinnervation patterns without itch. [16] [17] [18] Thus, the induction of itch and changes in nerve fiber density do occur simultaneously, but so far there is no evidence that changes in fiber density in the skin always lead to itch.
Up till now, there are only a few studies describing nerve reinnervation after burn wounds. 19, 20 Furthermore, the presence of itch after a burn wound in rats has never been investigated. In addition, the development of new treatments with increased efficacy is seriously hampered by the lack of a reliable animal model for postburn itch. Therefore, in the present study, we used a full thickness burn model to describe the reinnervation patterns of different types of fibers at various postburn survival periods, while monitoring the scratching behavior of the animals.
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MATERIALS AND METHODS

Animals
Animal experiments were approved by the Dutch Ethical Committee on Animal Welfare (DEC) and all procedures were in accordance to the European guidelines for the care and use of laboratory animals (Council Directive 86/6009/ EEC). The rats were pair housed with ad libitum access to food and water. In the present study, a total of 25 male Wister rats, weighing between 250 and 300 g, were used.
Full thickness thermal injury model
The present thermal injury model was based on previously reported models. 19, 20 Under general anesthesia with isoflurane (4% isoflurane in 100% oxygen), a dorsolateral region, caudal to the shoulder, was shaved. Iodine was applied and lidocaine was administered subcutaneously. A customized copper soldering stamp (2 3 1 cm), connected to a temperature-controlled soldering station, was heated to 100 8C and applied to the dorsolateral skin for 15 seconds to induce a full thickness thermal injury. 20, 21 It was ascertained that this region was easily accessible by the unilateral hindpaw for scratching. Immediately postburn the rats received subcutaneous buprenorfine (0.05 mg/kg, Temgesic; Schering-Plough BV, Utrecht, The Netherlands) as an analgesic, and after that every 12-14 hours up to 72 hours. The injury was not covered, well tolerated and no changes in feeding and drinking behavior occurred. In the shamtreated rats, the identical procedure was used (including shaving of the skin), except that the stamp was now at room temperature.
Behavioral experiments
To measure the scratching behavior, the rats were recorded during the night once a week with an infrared camera. For this purpose, the rats were transported 50 m in their own plastic cage to a recording room. At a later date, the video was analyzed for the presence of scratching activity between 11 pm and 2 am, as the rats were most active during this period of the night. 22 The duration of each scratching bout, defined as the action of scratching the burn wound, was measured from the start of the first scratching movement until the moment the rat did not touch the burned area anymore. The total duration of the scratching bouts during the period of 3 hours was calculated.
Tissue preparation
After a postburn survival period of 2 (n 5 4), 4 (n 5 4), 8 (n 5 3), and 12 weeks (n 5 4), the rats were sacrificed for immunohistochemistry. The sham-treated rats were sacrificed after 8 (n 5 4) and 12 weeks (n 5 4). After the survival periods, the rats received an overdose of pentobarbital (100 mg/kg). When the rat was under deep anaesthesia, the entire burn wound or sham-treated skin, including the skin up to one cm surrounding the wound was removed and immersion-fixed in 2% paraformaldehyde-lysine-periodate (PLP) for 24 hours at 4 8C. Thereafter, the dissected tissues were embedded in gelatin blocks. Frozen sections (40 lm) were cut with a freezing microtome and collected serially 1 : 6 in glycerol containing vials at 220 8C.
The tissue, obtained from 2 additional rats after 24 hours postburn, was frozen with Tissue-Tek (Sakura Finetek, Alphen a.d. Rijn, The Netherlands) immediately after removal. From this material, 4-lm frozen sections of skin were cut with a cryostat and stained with hematoxylin-eosin (HE) and Masson's trichrome dyes according to standard protocol to assess the denaturation of collagen caused by the burn.
Immunohistochemistry and fluorescence
In short, sections were first treated for antigen unmasking with sodium citrate. Subsequently, sections were preincubated in a blocking solution and incubated for 48 hours at 4 8C with the primary antibodies PGP9. 0 -diaminobenzidine (DAB) and hydrogen peroxide 23 was used to reveal antigenic sites whereupon the sections were randomly mounted on gelatinized slides, stained with 1% thionin, dehydrated and coverslipped. For immunofluorescence, sections were counterstained with DAPI (1 : 10.000, Invitrogen, UK) after incubation with the secondary antibody and coverslipped (See Supporting Information for the full protocol). As a control, we have omitted the primary antibodies, to determine whether the immunohistochemically procedure (especially the secondary antibodies) would produce any aspecific labeling. We found no fiber-like staining in the control sections (see Supporting Information), indicating that the stainings in the experimental sections were specific.
Analysis
Behavioral experiments
The total duration of scratching bouts was calculated and expressed as seconds/hour. For comparisons, we used the Independent Samples T-Tests for intergroup comparisons. Errors in variations were determined as standard error of the mean (SEM) and p < 0.05 was taken as significant.
Immunohistochemistry
For each rat, four sections per antibody were used for analysis. Each section was plotted and quantified for immunoreactive fibers using an Olympus BH microscope equipped with a Lucivid miniature monitor and Neurolucida software (MicroBrightField, Inc., Colchester, VT; See Supporting Information for counting methods). The analysis was performed by one observer, who was blinded to the experimental group. In all cases a one-way ANOVA with Dunnett's correction was used for intergroup comparisons. Errors in variations were determined as SEM and statistical significance was assumed at p < 0.05. The sections stained with HE and Masson's trichrome were assessed by a certified pathologist at the Erasmus MC.
Immunofluorescence
Four sections per rat (n 5 4) were used for analysis of colocalization of GAP-43 with other markers, that is, PGP 9.5, CGRP, and TH. Using a Zeiss LSM 700 confocal laser scanning microscope with a 10x objective, each labeled fiber was identified and scored by hand for singleor double-labeling. The results obtained per rat were averaged and expressed as a percentage of single-or double-labeled fibers in the skin.
Correlation
Pearson correlation analysis was used to investigate the correlation between the nerve reinnervation patterns and the scratching duration of the rats.
RESULTS
In this study, a total of 25 rats were used, of which eight were sham-treated. A full thickness thermal injury was induced whereafter scratching duration was determined at 24 hours, 2, 4, 8, and 12 weeks postburn. This was combined with immunohistochemistry to identify specific types of nerve fibers.
Scratching behavior
Scratching behavior was observed in the rats during a nightly period of 3 hours, once a week (Figure 1 ). Shamtreated rats showed very low levels of scratching activity of the shaved area, with a slightly higher level in the first three weeks, probably due to hair regrowth. Starting at three weeks, the burn wound rats showed scratching behavior that was significantly increased as compared to sham-treated rats (p < 0.05). From six weeks onward, the burn rats even show an almost 20 fold increase in scratching activity, with an average scratching of 46 6 4.5 second/hour vs. sham (2.5 6 0.38 second/hour). The maximum scratching duration was reached at nine weeks (63 6 9.5 second/hour vs. sham 3.1 6 1.4 second/hour).
Examination of the burn wound
Macroscopically, the burn wound had a pale aspect at 24 hours postburn, followed by erythema during the first week. Next, a crust was formed, which disengaged from the skin around the fourth week. From five weeks onward, the wound further healed resulting in scar tissue around 8 to 12 weeks. Skin sections, obtained from both experimental and sham-treated rats 24 hours postburn, were stained with HE and Masson's trichrome (Figure 2 ). The sections from the experimental rats showed only light collagen staining, indicating that most of the collagen had been denaturated. The epidermis as well as the hair follicles were absent in the burn wound area.
Nerve reinnervation of the burn wound
Immunoreactive (IR) nerve fibers were easily identified in the various sections. It was noted that PGP 9.5-or CGRP-IR fibers were scattered throughout the skin and much more abundant as compared to TH-and GAP-43-IR fibers, which usually appear in small bundles of fibers in between hair follicles ( Figure 3A) . The distribution of GAP-43-IR fibers was very similar to that of TH-IR fibers and in the dermis these clearly innervated the arrector pili muscles. For all types of fibers, the intraepidermal fibers were of fine caliber. At 24 hours postburn nerve fibers containing immunoreactivity were completely absent in the skin in the burned area and at the same time all hair follicles had vanished ( Figures 3B and 4A-H) . By 2 weeks PGP 9.5-and CGRP-IR fibers were increased in the dermis, while in the epidermis levels were the same (PGP 9.5) or still less (CGRP) as compared to sham ( Figures 3C and 4A-D) . Nerve fibers immunoreactive to TH and GAP-43 were absent. In the scar tissue from 4 to 12 weeks, PGP 9.5-and CGRP-IR nerve fibers were observed to form innervation patterns that were similar to those observed in sham-treated rats, whereas TH-and GAP-43-IR nerve fibers remained absent ( Figures 3D and 4) .
A correlation analysis (Pearson) showed that changes in nerve fiber density at 2, 4, 8, and 12 weeks postburn was not significantly correlated to changes in scratching behavior (r 5 0.41, p 5 0.13).
Detailed analysis of nerve fiber density after 24 hours and 2 weeks postburn
To determine the reinnervation patterns at 24 hours and 2 weeks postburn in detail, the nerve fibers were assessed separately in the different regions of the burn wound: the center, the border, and the periphery (i.e., the uninjured region next to the border of the wound). PGP 9.5-IR nerve fibers PGP 9.5 stains all types of nerve fibers in the skin. In the burn wound, the PGP 9.5 fiber density showed a significant decrease at 24 hours postburn in the center and border regions in both the epidermis and dermis, as compared to sham ( Figure 5A , B, D, and E). At two weeks postburn, the epidermal and dermal nerve fibers in the border regions showed a significant increase in fiber density when compared to sham ( Figure 5B and E) . In the center, only the epidermal fibers were significantly lower at two weeks ( Figure 5A ). The uninjured region next to the burn wound (periphery) showed a decrease of nerve fibers at 24 hours postburn, but this was not significant. At two weeks, no significant differences in fiber density were found in this region ( Figure 5C and F).
CGRP-IR nerve fibers
To identify peptidergic fibers in the epidermis and dermis, antibodies against CGRP were used. In the burn wound, the CGRP-IR fiber density in the epidermis and dermis showed a significant decrease in all three regions at 24 hours postburn as compared to sham (Figure 6 ). At two weeks postburn, dermal nerve fibers were significantly increased in the border regions, as compared to sham ( Figure 6E ). In the periphery, the nerve fibers were significantly decreased in both the epidermis and dermis at Burn wound healing and itch in rats Saffari et al. 24 hours, but this decrease was only significant in the epidermis at two weeks postburn as compared to the sham-treated group ( Figure 6C and F) .
TH-and GAP-43-IR nerve fibers
The TH marker was used to stain for sympathetic nerve fibers in the epidermis and dermis. The GAP-43 marker, known to be associated with axonal growth and plasticity, [24] [25] [26] [27] was used to investigate the sprouting of fibers. At all time points, the fiber density of these markers in the epidermis and dermis was significantly decreased in the center and border regions of the burn wound as compared to sham. In the periphery, this decrease was also found for both markers, but was only significant for the dermal fibers expressing GAP-43.
Colocalization
Double-labeling immunofluorescence ( Figure 7 ) revealed that all GAP-43-IR nerve fibers contained PGP 9.5, while 60% of the PGP 9.5-IR fibers were GAP-43-IR. Of the CGRP-IR fibers, 48% showed GAP-43-IR nerve fibers and nearly 90% of the TH-IR nerve fibers were expressing GAP-43.
DISCUSSION
In this study, we have used a full thickness thermal injury model in rat to investigate itch behavior and changes in the density of nerve fibers for a period of 12 weeks after applying a burn wound. We found a modest, but highly significant increase in scratching behavior, which started three weeks postburn and was still present at 12 weeks. Nerve fibers (i.e., PGP9.5-IR), including the peptidergic subgroup (i.e., CGRP-IR), regenerated from the edge of the wound, leading to a transient period of hyperinnervation, which returned to control levels in the scar tissue at 8 to 12 weeks. We found that nearly all (sympathetic) fibers that use noradrenaline (i.e., TH-IR), also contained GAP-43. These fibers completely disappeared at 24 hours postburn and remained absent for at least 12 weeks. The CGRP-IR fibers that contained GAP-43 remained absent as well or lost the expression of GAP-43. No significant correlation was found between changes in scratching behavior and changes in fiber density.
Burn wound healing resulted in increased scratching behavior that was evident at three weeks postburn. While differences in duration of scratching between sham-treated and burn wound animals were highly significant, the average duration of scratching in burn wound animals (e.g., 46 second/hour in Week 6-12) is, in an absolute sense, not very impressive. Thus, the intensity of postburn itch in rats seems less debilitating than that described in humans. 6, 7 Nevertheless, this is the first time that increased scratching behavior is found in a burn wound animal model. Since scratching duration is variable within and between rats, it may become difficult to observe effects of itch therapeutics. Longer and more frequent observations will likely overcome these problems and allow the testing of itch therapeutics.
In addition to the scratching behavior we also followed the changes in the nervous innervation of the epidermis and dermis at various time points after the burn wound was applied. As a full thickness burn is expected to produce most nerve damage at the center of the injury, the area of the burn wound was subdivided in three regions: the center, the border, and the uninjured region next to the wound (periphery). At two weeks postburn, we found a higher density of PGP 9.5-IR nerve fibers at the border as compared to center regions. This finding shows that new fibers are derived from uninjured nerves in the adjacent dermis, most likely through collateral sprouting, rather than regeneration from nerves in the deeper dermis beneath the wound. We found that this collateral sprouting, which leads to a transient hyperinnervation at the border eventually results in an innervation density that is similar to the original (sham) situation (cf. Refs. 17, 28, 29) .
Nerve fibers are usually subdivided into peptidergic (CGRP) and nonpeptidergic fibers. In the past, our lab had succeeded in staining nonpeptidergic fibers in the skin using P2X3 as a marker, 18, 30 but more recently purchased lots of the same antibody and other antibodies against P2X3 have failed to reproduce reliable labeling. To our knowledge, there are no studies on burn wound healing that have identified nonpeptidergic fibers. However, studies after nerve transection 17 and during inflammation 30 have shown that nonpeptidergic P2X3 fibers also return to normal levels and do not show hyperinnervation. Although reinnervation circumstances in scar tissue after a burn wound are different from the changes after nerve transection or inflammation, it seems likely that the nonpeptidergic fibers, together with the peptidergic fibers, will reinnervate the scar tissue. After a full thickness burn, all nerve fibers initially disappeared from the burn wound area, but only the TH-and GAP-43-IR fibers did not return. In the skin, TH is a marker for sympathetic noradrenergic nerve fibers and surround sweat glands, hair follicles, blood vessels and arrector pili muscles. 31 Since we have shown here that nearly all TH fibers contain GAP-43, we will refer to these fibers as TH/GAP-43 fibers. The lack of collateral sprouting of TH/GAP-43 fibers was somewhat surprising as GAP-43 is generally associated with regeneration in the skin 24, 32 and its role in the early anagen phase of the hair cycle. 33 When the dermis is destroyed, for example, by thermal injury, the closure of the skin defect results in an epithelialized scar with no regeneration of hair follicles or glands. 34 The lack of hair follicles after a full thickness burn may explain why TH/GAP-43 fibers (in contrast to other fiber types) do not return in the burn wound area suggesting that GAP-43 is not expressed by regenerating fibers, like those expressing CGRP. Interestingly, the subgroup of CGRP fibers expressing GAP-43, which has been described previously, 24, 35 is also missing from the scar area, possibly indicating that this subgroup of CGRP fibers only innervates sweat glands or hair follicles, as we have observed in the periphery of the burn wound. We conclude that GAP-43 is not associated with reinnervation after burns. However, this does not exclude a role for GAP-43 in short term nerve sprouting, for example, after inflammation. 36 In this study, we aimed at finding a correlation between the changes in scratching behavior and the reinnervation patterns of the different nerve fibers, but such a correlation was not found for the different types of nerve fibers. The scratching times were somewhat variable in the first seven to eight weeks and became consistently elevated from week eight onward. It may be argued that this variability in scratching times is the underlying cause of the lack of correlation between fiber ingrowth and the increased scratching times. However, with respect to the peptidergic fibers, this seems unlikely as these fibers, after a transient increase at two weeks, are at control levels already after four weeks and remain at these levels until 12 weeks postburn. With respect to the TH/GAP-43 immunoreactive fibers, which were absent in the burn wound area during the whole period of 12 weeks, it may be argued that the absence of these fibers may in some way induce itch. Sympathectomy (the surgical procedure that destroys sympathetic nerves) does not influence itch, in the sense that patients suffering from itch due to skin diseases do not benefit from a sympathectomy. 37, 38 Thus, it is highly Burn wound healing and itch in rats Saffari et al.
unlikely that the absence of TH/GAP-43 fibers directly leads to the induction of itch.
In the present study, we have not determined whether the ingrowing fibers were functioning and responsive to itch producing stimuli, like serotonin and other chemicals that may be released locally. If the collateral sprouts would become responsive only after a delay of several weeks, there might be a correlation between the increase in itching times and the (spontaneous) functioning of the local fibers. To our knowledge, there is no evidence in the literature for a silent period of these fibers. In fact, it seems more likely that the increased scratching times are due either to increased stimulation of the fibers in the burn wound area due to increased production of local mediators, or to the fact that the fibers start expressing specific receptor molecules that respond to local mediators, leading to the sensation of itch.
In the last decade, several mediators and receptors have been identified that can directly activate or sensitize itch fibers, and may also be involved in (neuro)inflammatory processes. 39 These local mediators include those produced by keratinocytes, like nerve growth factor, acting on tyrosine kinase A receptors and thymic stromal lymphopoietin (TSLP) acting on TSLP receptors, 40 while others are produced by mast cells, like serotonin and tryptase, which act on serotonin and PAR2 receptors respectively. Most of these receptors are G protein coupled receptors, which use various transient receptor potential (TRP) ion channels, especially TRPV1, TRPV3, and TRPA1 to exert their effect on neurons. 41 In addition, Toll-like and Mas-related G-protein coupled receptor A3 are also involved in producing itch. 42 In addition to the various peripheral mediators and receptors, there may are also mechanisms in the spinal cord that may lead to increased sensitivity to the activity of itch fibers, 43 which further adds to the complexity of itch produced by burn wounds. While the knowledge on itch mechanisms is rapidly increasing, 4 the nature of the molecular changes that induce itch in various pathological circumstances, including burn wound healing, remains unexplained.
